A s the population ages, type 2 diabetes mellitus is increasingly becoming a disease of older adults. Incidence and prevalence of type 2 diabetes mellitus is rapidly increasing in people aged 65 to 79; 1,2 recent Centers for Disease Control and Prevention data show that incident type 2 diabetes mellitus is five times as great in adults aged 65 to 79 as in those younger than 45. Diabetes mellitus is an important contributor to the comorbidity burden, 3 geriatric conditions, 4 and complex health status 5 seen in some older adults.
Frailty is hypothesized to be a geriatric condition of physiological vulnerability and multisystem dysfunction associated with aging that increases the risks of adverse health outcomes such as falls, disability, and death. 6 Frailty has been shown to be associated with several major chronic diseases; with disruptions in several physiological systems, including endocrine and inflammatory systems; and with undernutrition and obesity. It has previously been shown, using an empirical model of frailty developed in the Cardiovascular Health Study (CHS) and validated in the Women's Heath and Aging Studies (WHAS), that frailty is associated with prevalent diabetes mellitus, atherosclerotic vascular disease, and obesity. 7 It has also been demonstrated that glucose intolerance in older adults without diagnosed diabetes mellitus is related to prevalent frailty; markers of increased inflammation (C-reactive protein, interleukin (IL)-6) and endocrine dysregulation (insulin-like growth factor-1) are also associated with prevalent frailty. 8 Recently, longitudinal analysis from the CHS has demonstrated that insulin resistance as measured according to the homeostasis model assessment of insulin resistance is associated with incident frailty. 9 Although glucose intolerance, insulin resistance, and reported diabetes mellitus appear to be associated with frailty, it is not known whether hyperglycemia itself is related to frailty. Research so far is also consistent with the hypothesis that the pathophysiology of frailty involves the obesity 7 and inflammatory disruptions associated with insulin resistance 9 and type 2 diabetes mellitus, as well as with vascular complications of diabetes mellitus. Therefore, this research was undertaken to test the complementary hypothesis: that hyperglycemia itself would be associated with prevalent frailty independently of complications of diabetes mellitus, obesity, and high IL-6 levels that have also been shown to be associated with frailty.
METHODS

Subjects
The analytical cohort for this study consists of women aged 70 to 79 living in Baltimore who participated in WHAS I and II, two complementary, population-based studies designed to evaluate the causes and course of physical disability in older women living in the community, and who had blood available for measurement of hemoglobin A1c (HbA1c) and free of conditions that mimic frailty (see below, N 5 543). WHAS I participants were recruited from an age-stratified random sample of women aged 65 years and older selected from Medicare enrollees residing in 12 contiguous ZIP code areas in Baltimore between 1992 and 2000. 10 The initial sample included 5,300 women, from which the one-third most-disabled women (n 5 1,400) were selected based on reported disability. Finally, 1,002 women agreed to participate in WHAS I. The initial standardized questionnaires, physical performance measures, and a directed physical examination were performed in the women's homes; approximately 75% of the women also consented to blood testing. Previous studies have shown that there were no significant differences in race or body mass index (BMI) between those who did and did not participate in the blood drawing, but women who did and did not participate in the blood drawing differed in age (77.4 vs 80.7, Po.001).
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WHAS II, begun in 1994, was specifically designed to be a companion study for WHAS I and includes a cohort of women aged 70 to 79 selected to be representative of the two-thirds least-disabled women living in the community. 12 Participants were selected from age-stratified random samples from the same sampling frame as in WHAS I; 436 women participated. An interview, directed physical examination, and physical performance measures standardized to those performed in WHAS I were administered in the Johns Hopkins Functional Status Laboratory. Phlebotomy was performed in 93% of WHAS II participants following the same protocol as that used in WHAS I. Details on the study methods and sampling design of the WHAS studies are published elsewhere. [12] [13] [14] For the current analyses, a combined sample linking the two WHAS studies was used using a methodology that has been developed by the WHAS research team and has been used in several published studies. 9, 15 The analytical sample for this research consists of women participating in WHAS I or WHAS II who were aged 70 to 79 at baseline, who had all variables available, and who did not have stroke or Parkinson's disease (nearly all with these conditions are frail) or BMI less than 18.5 kg/m 2 (part of the definition of frailty). Appropriate sampling weights have been calculated to adjust for differential selection probability with respect to age and disability status from the sampling frame. 16 
Variables
The dependent variable, frailty status, was measured using the model of the frailty phenotype developed previously. This empirical model is a composite variable developed in the CHS and validated in WHAS. 13 Although the original measures were developed in the CHS study, similar or identical measures are present in WHAS I and II. Frailty status is based on five indicators: weight loss, weakness, exhaustion, slowness, and low physical activity. The frailty phenotype was considered present if three or more of the indicators are present; the presence of one or two indicates a prefrail state.
Grip strength was measured in WHAS according to the CHS protocol: level of maximal grip strength in the stronger hand. Weakness was the grip strength in the lowest 20% of women. Speed in WHAS was based on a 4-m measured walk at usual pace. The subject could use a walking aide but not the aid of another person. Slowness was defined as the walking speed of the slowest 20% of women. To measure energy expenditure, WHAS used a subset of the Minnesota Leisure Time Activities Questionnaire used in CHS 14 that was condensed from the original 18 activities to assess participation in six: walking, doing strenuous household chores, doing strenuous outdoor chores, dancing, bowling, and exercise. 15 Again, low physical activity was defined as the activity level of the lowest 20%. Exhaustion in WHAS was defined as a positive response to at least one of three relevant questions: felt unusually tired in the last month, felt unusually weak in the last month, or had an unusually low energy level. Frailty-eligible weight loss criteria was applied if a woman's weight as measured at baseline represented a self-reported decrease of at least 10% from weight at age 60 or if a women's baseline BMI was less than 18.5 kg/m 2 , the lowest World Health Organization (WHO) BMI risk category. Only 27 women in this sample had a BMI less than 18.5 kg/m 2 ; these women therefore had one frailty criterion by definition, and all had at least two more criteria and were thus frail. As noted previously, because of the confounding according to definition in this group, these 27 women were excluded from further analyses.
Nonfasting blood samples were obtained using venipuncture between 9:00 a.m. and 2:00 p.m. Processing, aliquoting, and freezing were performed at the Core Genetics Laboratory of the Johns Hopkins University School of Medicine following a standardized protocol. Tubes of whole blood, serum, and plasma were frozen for each woman who had her blood drawn. IL-6 was measured from frozen serum within a few weeks using a commercial enzyme-linked immunosorbent assay (Quantikine Human, R & D Systems, Minneapolis, MN).
The major independent variable of interest was HbA1c, measured from frozen whole blood by the Johns Hopkins General Clinical Research Center using standardized methods and also run within a several week period. All HbA1c values were remeasured, because the glycosylated hemoglobin (GHB) assay used for 95% of round 1 of WHAS I was an ion exchange technique that cannot be compared with current HbA1c levels. It was measured using low-pressure cation-exchange chromatography (Ciba Corning 765 Glycomat; reference range 5-8.6%). Some women had another GHB assay type, a bromate affinity high-performance liquid chromatography assay (Primus). By late 1998, all women had a BioRad HbA1c assay, which can be compared with current HbA1c methods. Before this research, a pilot was run to determine the correlation between these older GHB assays and current standardized HbA1c tests that demonstrated poor correlation (r 5 0.57). To assure comparability of all HbA1c values, all available frozen blood samples for all women in WHAS I and II from all blood draw waves and techniques were rerun.
A subset of the frozen samples was not measurable because of freeze-thaw damage, and another subset did not have frozen samples available. This problem mainly occurred in the WHAS I baseline sample, which was the oldest. Analyses demonstrated that these data were missing at random (there was no association between missing data and relevant covariates). 17 Because women with missing data had measures of several related covariates, including the older GHB values, model-based multiple imputation was used. 18 Covariates included in the imputation model were those used in the analytical models: ''outdated'' GHB measures, age, race, BMI, and chronic diseases. In WHAS I, at baseline 743 of 1,002 women had blood drawn; 463 of 743 had frozen whole blood that gave good results. Of those missing, 203 had the covariates available for multiple imputation, so the sample available for WHAS I was 666. WHAS II had 383 or 434 valid frozen blood samples available. When WHAS I women aged 70 to 79 were combined with WHAS II women, the number available was 659, but as previously noted, women with stroke, Parkinson's disease, or BMI less than 18.5 kg/m 2 were dropped, leaving 543 in the analytical sample.
The research staff measured weight and height according to standardized protocols (these protocols were identical in WHAS I and II), and BMI was calculated. BMI was categorized according to the WHO criteria as normal (18.5-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), and obese ( !30.0 kg/m 2 ). Demographic information was obtained from the standardized questionnaire, which was nearly identical for WHAS I and II.
WHAS I and II determined the prevalence of major chronic diseases of aging, including coronary artery disease (CAD), osteoarthritis, stroke, diabetes mellitus, and chronic obstructive pulmonary disease (COPD) at baseline. WHAS investigators adjudicated these diseases based on the questionnaire, physical examination measures, physician contact, and medical records. Seventeen diseases have been ascertained; the methodology and algorithms have been published. 10 The adjudication of diabetes mellitus for baseline WHAS I missed many women who would be classified as having diabetes mellitus according to present-day standards (adjudication used results from an older GHB assay and relied on physician diagnosis). Because the research question concerned the relationship between HbA1c and frailty, secular changes in diabetes mellitus diagnosis did not influence the results.
Statistical Analysis
As described above, model-based multiple imputation was used to increase the numbers of women with HbA1c available, increasing the analytical sample size. The distribution of HbA1c and BMI was explored. Because analysis suggested nonlinear effects, HbA1c and BMI were both categorized. The characteristics of women with different levels of HbA1c were studied using standard descriptive statistics; the relationship between frailty status and HbA1c level and BMI was studied graphically. Multivariable models used multinomial logistic regression to investigate the association between independent variables with prefrailty and frailty (using not frail as the reference group). First, the association between HbA1c and frailty status was investigated controlling for age and demographic variables. Then, additional variables were added in sequential models: BMI, then IL-6, then the adjudicated chronic diseases that have been shown to be associated with frailty (osteoarthritis, CAD, heart failure, depressive symptoms, and COPD). 6 As noted above, HbA1c and BMI were categorized to account for potential nonlinear relationships. Finally, two key interactions were tested in the multivariable model: HbA1c with BMI and HbA1c with IL-6.
To appropriately interpret inferences derived from the combined data back to the sampling population of community-dwelling women aged 70 to 79, study-specific probability weights were used for all analyses. Construction of the weights has been detailed previously. 16 Probability weights were incorporated into all of the descriptive and regression analyses. The statistical program used was SAS, version 9 (SAS Institute, Inc., Cary, NC). Table 1 shows the baseline characteristics of women with different levels of HbA1c categorized into five groups (o6.0%, 6.0-6.4%, 6.5-6.9%, 7.0-8.9%, and !9.0%). Fifty-one percent of the women had HbA1c levels less than 6.0%, which is a nondiabetic HbA1c; 16% had HbA1c of 7.0% and greater. Age and most diseases did not differ according to level of HbA1c in this sample of older women. Results did not show a stepwise increase in mean IL-6 level according to HbA1c group, although the mean value of IL-6 for subjects with HbA1c less than 6.0% and those with HbA1c of 6.0% and greater was significantly different (3.66 AE 3.37 pg/mL vs 4.41 AE 3.74 pg/mL, Po.02, data not shown). Several other characteristics tended to increase in frequency as HbA1c level increased, although in several cases, this trend did not continue at HbA1c levels of 9.0% or greater. Race, educational level, proportion prefrail, and BMI followed this pattern, with decreasing proportion of white race, decreasing education, and increasing BMI until the highest level of HbA1c. Two indicators of mobility difficulty (difficulty walking one-quarter of a mile and low walking speed), as well as prevalence of CAD, increased in proportion with higher levels of HbA1c. (COPD had the opposite relationship with HbA1c.) The proportion with frailty generally increased with higher HbA1c (with the exception of HbA1c of 7.0-8.9%). because that is part of the frailty definition, so the association between frailty and low BMI could not be fully examined in this study.
RESULTS
This apparent association between frailty and low HbA1c was further investigated by categorizing the 22.0% of women (n 5 118) who had HbA1c less than 5.5% (data not shown). In unadjusted descriptive analyses, these women had a greater proportion with frailty (13.5%) than those with HbA1c of 5.5 to 6.0 (10.2%), although there were no other clear associations; BMI and hemoglobin level were not significantly different. A higher proportion of the women with HbA1c levels less than 5.5% were Caucasian and had osteoarthritis, but the numbers were small and not statistically significant. Multivariate models (data not shown) did not demonstrate a significantly stronger association between frailty and low HbA1c (o5.5%). Therefore, all multivariate models categorize HbA1c as was done in the descriptive analyses in Table 1 (o6.0%, 6.0-6.4%, 6.5-6.9%, 7.0-8.9%, and !9.0%). Table 2 shows sequential multinomial regression models describing the cross-sectional association between frailty and HbA1c level, as well as with other key covariates. HbA1c level less than 6.0% (normal) is the reference group. All models are controlled for demographics; sequential models add BMI, IL-6, and chronic diseases.
In general, HbA1c level 6.0% to 6.5% did not have a significantly different association with frailty from the normal group. HbA1c levels from 6.5% to 6.9% and 7.0% to 8.9% had a similar and significantly higher association with frailty than the reference group; HbA1c levels of 9.0% and greater had a stronger association with frailty than all other groups. For prefrail, the association between the group with HbA1c levels from 7.0% to 8.9% and frailty was sometimes nonsignificant compared with the reference group, but the associations between the groups with HbA1c levels from 6.5% to 6.9% and 9.0% and greater was highly significant. Sequential adjustment for covariates also known to be associated with HbA1c or frailty statusFBMI, IL-6, and several chronic diseasesFattenuated the associations somewhat, although the associations remained significant and strong.
Several other covariates were also significantly associated with frailty status. Older age was associated with greater likelihood of prefrail and frail status; higher education was always associated with lower likelihood of both. BMI from 18.5 to 20.0 kg/m 2 was associated with greater likelihood of frailty and prefrailty after adjustment than normal BMI (20.0-25 kg/m 2 ). Obesity (BMI !30.0 kg/m 2 ) was associated with higher likelihood of being prefrail and frail. Overweight (BMI 25.0-29.9 kg/m 2 ) was associated with lower odds of being prefrail but greater odds of being frail. Higher IL-6 level was associated with higher likelihood of being prefrail and frail, as were all of the adjudicated diseases that were included in the model. Interactions between HbA1c and BMI and with IL-6 were not significant.
DISCUSSION
These results confirm the hypothesis that higher HbA1c levels in older women are associated with higher odds of prevalent frailty, although HbA1c levels of 6.0% to 6.5%, just above normal, were not associated with greater likelihood of prefrail and frail status, at least in cross-section. With HbA1c in the range of 6.5% to 6.9%, the association was significantly greater and consistent for HbA1c levels up to 8.9%, although HbA1c levels of 9.0% and greater had a markedly stronger association. Controlling for BMI or IL-6, a measure of inflammation, did not substantially alter any of these associations. These results suggest that HbA1c, as a marker of high glucose and correlated with advanced glycosylation products, 19 may be part of a potential pathway to frailty that is at least partially independent of obesity and the inflammatory pathway activation associated with type 2 diabetes mellitus.
The association between hyperglycemia and frailty may be due to hyperglycemia's role as part of the insulin resistance syndrome; insulin resistance has been shown to be associated with incident frailty. 9 In addition, hyperglycemia may have an additive or independent effect. The current study cannot distinguish between these alternative hypotheses because there was no measure of insulin resistance, and the study was not longitudinal. In the current study, the effect of BMI, higher or lower than normal, on frailty was independent of the effect of hyperglycemia. Although this finding may hint that there is an additive effect of insulin resistance and hyperglycemia, data with true measures of insulin resistance are necessary to evaluate the relative association between insulin resistance and hyperglycemia and frailty.
The effect of inflammation was also independent of hyperglycemia and BMI; adding IL-6 to the model did not change the independent associations between hyperglycemia or lower and higher BMI and frailty. Inflammation 20, 21 and oxidative stress 22, 23 are among the key physiological components that underlie frailty. Multiple lines of evidence point to a causal role for glucose-mediated cellular oxidative stress in the pathophysiology of microvascular complications that result from insulin resistance and diabetes mellitus. 24 Even though the current study demonstrated that hyperglycemia and inflammation (as indicated by IL-6) had independent associations with frailty, the precise inflammatory and oxidative pathways that are associated with the tissue damage that mediates frailty are unclear and probably multiple. 25 The glycoxidation pathway caused by glucose auto-oxidation and oxidation of glycated proteins may be one of several key pathways leading to frailty.
Accumulating evidence also suggests an association between hyperglycemia and muscle weakness and poor muscle quality; 26 such a relationship could explain part of the association between hyperglycemia and frailty. Recent data suggest that poor muscle quality in patients with diabetes mellitus becomes even poorer with longer duration of diabetes mellitus and higher levels of HbA1c. 27 Presumably, inflammation and oxidative stress pathways may be related to poor muscle quality. Finally, there are older adults who have diabetes mellitus that is not related to insulin resistance, for example, the few who have type 1 diabetes mellitus, rarer types of diabetes mellitus, or secondary diabetes mellitus. Future research using data with measures of insulin resistance and hyperglycemia could determine whether such patients also have greater risk for frailty.
Although not the focus of this article, another finding deserves mention. Higher HbA1c levels remained associated with greater odds of prefrailty and frailty even when major chronic disease categories (CAD, COPD, osteoarthritis, depression, and heart failure, all adjudicated by physician researchers as described in the Methods) were considered. Despite several published research papers suggesting that diabetes mellitus is related to frailty, HbA1c had not yet been studied in a multivariate model of frailty status that included some potential complications and comorbidities associated with diabetes mellitus. Given that CAD is a common atherosclerotic complication of diabetes mellitus, the current results suggest that atherosclerotic complications may not fully explain the association between HbA1c and frailty status, although women with stroke, another atherosclerotic complication, were excluded from the analyses because virtually all women with stroke met frailty criteria. Similarly, some other chronic conditions related to high HbA1c levels, particularly peripheral vascular occlusive disease, 28 peripheral neuropathy, 29 and chronic kidney disease, 30 were not included in these models and could be related to frailty. These conditions have not commonly been evaluated in studies of frailty, but future research should be designed to consider these additional comorbidities.
This study had several limitations in addition to the above. As previously discussed, the data had no fasting blood tests or oral or intravenous glucose tolerance test, so there was no criterion-standard diagnostic measure of the presence or absence of diabetes mellitus nor any estimate of insulin resistance status. Thus, the relationship between insulin resistance per se and prevalent frailty could not be studied. By measuring HbA1c directly, glycemic status was determined as well as possible, although HbA1c is not sufficient to diagnose diabetes mellitus. Further research into the relationship between insulin resistance and frailty status is needed using data with appropriate variables available.
Another limitation was the lack of information on medications. Medications might confound or modify the association between HbA1c and frailty. Some questions, such as whether more-aggressive management of diabetes mellitus may occur in healthier people and thus lead to a spurious association between HbA1c and frailty, cannot be disentangled in these data, although the data demonstrate an association between HbA1c and frailty regardless of treatment or type of diabetes.
Despite these limitations, this research can help understand the contribution of hyperglycemia to frailty in older women living in the community. It was found that there is an increase in associated frailty with HbA1c levels as low as 6.5% that increases as HbA1c increases. This effect is independent of obesity and at least some markers of inflammatory disruption. The effect is also independent of some common chronic diseases that are complications of diabetes mellitus. These findings suggest that hyperglycemia may contribute to the geriatric syndrome of frailty, in addition to or as part of its role in insulin resistance, and that moderate glycemic control may be important in older women beyond its role in contributing to well-established complications. Longitudinal studies are an important next step to determine potential causal relationships between hyperglycemia itself, along with insulin resistance, comorbidities, and management of diabetes mellitus, and the development of frailty.
